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Background: Myoglobin (Mb) and neuroglobin (Ngb) are representative members of 
pentacoordinated and bis-histidyl, hexacoordinated globins. In spite of their low sequence 
identity, they show surprisingly similar three-dimensional folds. The ability of Ngb to form a 
hexacoordinated bis-histidyl complex with the distal HisE7 has a strong impact on ligand 
affinity. The factors governing such different behavior have not been completely understood 
yet, even though they are extremely relevant to establish structure-function relationships within 
the globin superfamily. 
Methods: In this work we generated chimeric proteins by swapping a previously identified 
regulatory segment -the CD region- and evaluated comparatively the structural and functional 
properties of the resulting proteins by molecular dynamics simulations, spectroscopic and 
kinetic investigations. 
Results: Our results show that chimeric proteins display heme coordination properties displaced 
towards those expected for the corresponding CD region. In particular, in the absence of 
exogenous ligands, chimeric Mb is found as a partially hexacoordinated bis-histidyl species, 
whereas chimeric Ngb shows a lower equilibrium constant for forming a hexacoordinated bis-
histidyl species. 
Conclusions: While these results confirm the regulatory role of the CD region for bis-histidyl 
hexacoordination, they also suggest that additional sources contribute to fine tune the 
equilibrium.  
General Significance: Globins constitute a ubiquitous group of heme proteins widely found in 
all kingdoms of life. These findings raise challenging questions regarding the structure-function 
relationships in these proteins, as bis-histidyl hexacoordination emerges as a novel regulatory 

















 The globin superfamily is formed by a widely distributed group of heme proteins, which are 
responsible for a variety of biological functions in all kingdoms of life. 
[1]
 Many of these 
functions involve the coordination of small ligands to the prosthetic heme group, a process that 
is tightly controlled.[2-4] The heme resides deeply buried inside the protein, which generally 
folds in a globular 3-over-3 sandwich motif (formed by helices labeled A, B, E, F, G and H). 
The iron is coordinated to the four equatorial porphyrin nitrogen atoms and axially coordinated 
by the absolutely conserved proximal histidine F8 (HisF8), leading to the characteristic 
pentacoordinated (5c) state (Scheme 1). The vacant coordination at the distal site permits the 
binding of the diatomic ligand and allows the protein to fulfill its function. In several globins, 
however, the distal site is blocked by the coordination of an endogenous residue, usually the 
distal histidine (HisE7), thus resulting in a bis-histidyl hexacoordinated (6c) species. This 
process introduces an additional mechanism to control the function of globins, as has been 
noticed for neuroglobin (Ngb) [5-7], cytoglobin [8], and non-symbiotic plant hemoglobins. [9, 
10] 
 It is important to recall that while globins are generally classified as penta or hexacoordinated, 
binding of exogenous ligands is only possible to the reactive 5c form. For hexacoordinated 
hemoglobins this is made possible thanks to the precisely regulated equilibrium between 6c and 
5c states (Scheme 1). Fine tuning of the 6c⇆5c equilibrium provides a mechanism to modulate 
ligand affinity, since the more displaced the equilibrium to the 5c state, the higher the ligand 
affinity. An example of this regulation is Ngb, where Cys oxidation and disulfide bridge 
formation displaces the 6c⇆5c equilibrium towards the 5c state, resulting in a 10-fold increase 
in O2 affinity. [11-13] In this scenario, understanding the molecular basis that underlies the 
regulation of the 5c⇆6c equilibrium is crucial for deciphering a fundamental regulatory 
















Scheme 1. The 6c⇆5c equilibrium and its role in the ligand binding process. Heme 
coordination states: bis-histidyl hexacoordination (left), ligand free pentacoordination (center), 
and ligand-bound hexacoordination (right). The heme group, the distal histidine E7, the 
proximal histidine F8 and the O2 bound to the heme are shown.  
 
Myoglobin (Mb) and Ngb can be considered the prototypical cases representative of each 
coordination state. Mb is a 5c globin, displaying overall association rate constants (kon) for CO, 




, respectively [14-16], which are characteristic of 
a vacant distal site. When the O2 ligand is bound, it acquires a negative charge density through π 
back donation from the metal, which leads to a strong hydrogen bond (HB) with the distal 
HisE7 and hence to moderate oxygen dissociation rate (koff = 12-22 s
-1
) [16] and affinity (KO2 = 
1.1 µM
-1
). [15, 16] In the absence of exogenous bound ligands, Ngb is found as a bis-histidyl, 
6c species, with the distal HisE7 occupying the sixth coordination site, as revealed by X-ray 
crystallography and spectroscopy. [17, 18] The competition between exogenous ligands and the 
endogenous HisE7 results in complex patterns of ligand binding kinetics. [19-22] Once oxygen 
is bound, formation of a hydrogen bond (HB) with HisE7 results in a small dissociation rate 
(koff=0.5-1.5 s
-1
) [19, 21] and an oxygen affinity similar to that of Mb.[23]  
Although the sequence of many hundreds of globins is already known [2], and many of them 
have been characterized spectroscopically and structurally leading to a precise definition of their 
















A first insight into the reasons that determine the intrinsic coordination state can be gained from 
the comparison of Mb and Ngb. From a structural point of view, the two proteins are 
topologically very similar. However, structural comparison points out that the CD region shows 
poor structural alignment. At the sequence level, the CD region displays important differences 
both in length and sequence between both proteins. (Figure 1) The CD region of Mb is one 
residue shorter and comprises more charged residues while that of Ngb is slightly longer and 
contain more aromatic residues. Interestingly, the presence of two cysteine residues in Ngb's CD 
region, capable of establishing an internal disulfide bridge, also affects the 6c⇆5c equilibrium. 
[11, 13] It can then be hypothesized that the nature of the CD region is a key factor directly 
implicated in the coordination preferences of globins. Moreover, previous molecular dynamics 
(MD) studies indicated that the CD region of Ngb is much more flexible that in Mb, and 
suggested that it plays a predominant role in the transition between 5c and 6c states, especially 
in Ngb where the CD region is highly flexible. [13, 26]  
The aim of this study is to examine whether the CD region is the main structural determinant of 
the 6c⇆5c equilibrium in globins using both experimental and theoretical strategies. To this 
end, we have engineered two chimeric globins related to Mb (ChMb) and Ngb (ChNgb) that 
were designed by swapping of their CD regions. The detailed structural and dynamical 
properties associated to the 6c⇆5c equilibrium of the two chimeric globins have been examined 
by means of MD simulations. Experimentally, we have characterized the resulting chimeras in 
relation to their 6c⇆5c equilibrium and kinetic properties in the ferrous state, as well as their 
CO binding properties. We demonstrate that the flexibility of the CD region and the structural 
change associated to the 6c⇆5c process are significantly interchanged in the chimeric proteins, 
and that ChMb is able to form a bis-histidyl hexacoordinated species in the absence of 















labile Fe-HisE7 bond. Altogether, our results confirm the role of the CD region in the 
modulation of the 6c⇆5c equilibrium in globins. 
 
Results  
Engineering Mb and Ngb CD region chimeras. Taking as a starting point the sequence and 
structural comparison of Mb and Ngb, we decided to build two new chimeric proteins (ChMb 
and ChNgb) by respectively swapping their CD region (Figure 1). Thus, ChMb displays Mb 
sequence except for residues 41 to 59 (Uniprot ID P02185), which are replaced by Ngb residues 
39 to 58 (Uniprot ID Q9NPG2). In turn, ChNgb displays Ngb sequence except for residues 39 
to 58, which are replaced by Mb residues 41 to 59. 
MD simulations of ChMb and ChNgb in the 5c and 6c states. We first performed MD 
simulations to examine the preservation of the intrinsic flexibility properties of the CD region in 
the wild type (wt) proteins and the chimeras considering both 5c and 6c coordination states. The 
first 30 ns of the 100 ns trajectories were excluded from the analysis in order to allow the 
systems to equilibrate before collecting the data. Only in the case of ChMb-6c the first 50 ns 
were not considered in the analysis, as up to this time the system was still showing large 
fluctuations, and the trajectory was extended up to 130 ns (Figure S1). 
The CD region in Mb is enriched in charged residues as compared with Ngb, which shows 
instead a higher number of apolar and aromatic residues. Upon insertion of the CD region into 
the other protein, each CD region retains, to a large extent, the intra-loop contacts as well as 


















Figure 1. Comparison between Mb and Ngb. A. Structure-based sequence alignment of the CD 
region. The residues exchanged in the chimeric proteins are marked in the yellow box and 
conserved residues are highlighted in blue. Numbers above the sequence correspond to Mb 
(Uniprot ID P02185). Below the sequences, regions with defined -helices in Mb crystal 
structure are indicated. B. Structural alignment of Mb (red/black) and Ngb (blue/gray) ligand 
free structures (PDB IDs 1VXD and 1OJ6). The exchanged region is highlighted in color in 
















A first glimpse of the effect of the CD region exchange on the dynamics of the chimeras 
compared to the parent proteins can be obtained from the root-mean square fluctuations (RMSF) 
plots (Figure S2). In ChNgb the fluctuations of the CD region are significantly reduced in both 
5c and 6c states when compared to the wt Ngb. The reduction is remarkably higher for the 6c 
state, where they result very similar to those observed in Mb. In the case of the 5c state, the 
fluctuations are intermediate between the observed in Ngb and Mb. On the other hand, in the 5c 
state of ChMb, the fluctuations of the CD region are slightly larger than those found in Mb. In 
the case of Mb in the 6c state, however, no significant differences are observed between the 
fluctuations of the CD region of Mb and ChMb. Thus, even though the amplitude of the 
conformational deformations of the CD region is highly sensitive to the protein core, the results 
suggest that the intrinsic flexibility of the CD region is preserved in some extent in the 
chimeras.  
In a previous work, essential dynamics (ED) analysis of both Mb and Ngb [26] showed that in 
Ngb the main essential mode (EM), which accounts for 35% and 58% of the backbone 
flexibility in the 5c and 6c states, respectively, is primarily centered in the CD region. In the 
case of Mb, the first EM has a much lower contribution (between 20 and 25%) and has a more 
global character, as it includes contributions of B and H helices and the EF loop (especially in 
the 5c state). On the basis of these results, we decided to monitor the dynamics of chimeric 
protein using the same methodology. In the case of ChNgb-5c, the first EM accounts for 30% of 
the total structural variance, which implies a slight decrease compared to Ngb-5c (35%). 
Moreover, there is a reduction in the motion of the CD region as compared to Ngb. (Figure S3). 
In ChNgb-6c, the first EM accounts for 31% of the structural variance, which is notably lower 
than the 58% contribution obtained for Ngb. Furthermore, while in ChNgb it corresponds to a 
rigid movement of the CD loop and the D helix, in Ngb the movement includes a major 
















(residues 55-59) (Figure S3). The results for ChMb-5c (Figure S4) show a clear increase in the 
CD region contribution to the first EM with respect to Mb-5c (which was only 24%). In this 
case, this mode accounts for 35% of the total fluctuation similarly to what is observed in Ngb-
5c). In the case of ChMb-6c the CD region does not contribute significantly to the first EM. 
To further analyze the 6c⇆5c transition we performed an ED analysis of the combined 5c and 
6c trajectories for the chimeric proteins, as has been done in previous works for the wt proteins 
(see Computational Methods). Figure 2 shows the projection of the transition mode along the 
protein structure. In Ngb, the transition involves mainly the CD region and the N-terminal side 
of the E helix. On the other hand, in Mb the transition corresponds to a more global movement, 
involving the motion of protein regions that are highly rigid in the equilibrium MD simulations. 
The opposite behavior is found in the chimeric proteins. In ChMb the transition involves largely 
the CD region (residues 45 to 58, which includes the CD loop and most of the D helix), 
indicating that the inclusion of the flexible CD region of Ngb modifies the transition in Mb. On 
the other hand, in ChNgb the movement of the CD region is reduced with respect to the wild 
type protein, as it involves a smaller number of residues in the CD region (residues 43 to 55, 
which consist in the CD loop and part of the D helix, whereas in Ngb the transition involves 
residues 39 to 60, including part of the C helix, the CD loop, the D helix and the N-terminal 
region of the E helix). Additionally, in ChNgb the transition includes contributions from other 

















Figure 2. Projection of the transition EM along the protein structure for the wt and chimeric 
proteins. Results for Ngb and ChNgb are shown in panel a (black and blue lines, respectively). 
Results for Mb and ChMb are shown in panel b (black and blue lines, respectively).  
 
In summary, the data obtained from the MD simulations strongly suggests that the flexibility 
pattern of the CD region is largely transferable between proteins. These data also suggest that 
the 6c⇆5c equilibrium is highly sensitive to the nature of the CD region, and that the chimeras 
should exhibit different spectroscopic and kinetic signatures compared to the wt proteins. 
 
Spectroscopic analysis of ChMb and ChNgb. Purified ChMb and ChNgb display typical 
absorption spectra of ferric hemoglobins. As expected, addition of sodium dithionite under Ar 
atmosphere results in heme Fe reduction. A summary of the peak positions in the absorption 
spectra for all protein states is given in Table 1. Whereas in ChNgb the resulting ferrous ligand 
free spectrum is almost indistinguishable from that of Ngb (see Figure S5), it is worth noting 
that the spectrum of ferrous ChMb appears to comprise features of both Mb and Ngb proteins, 
thus suggesting the presence of a mixture of 5c and bis-histidyl, 6c states (Figure 3A). 
Component analysis, using Ngb and Mb spectra as references, suggests the presence of ca. 25% 
















Table 1. UV-Vis spectra peak positions recorded for wt proteins and their chimeras. The three 








ChMb 424 (435 shoulder), 528, 556 
413, 535, 565 
(shoulder) 
422, 540, 570 
Mb 435, 523 (shoulder), 556 409, 505, 635 423, 542, 580 
ChNgb 424, 529, 558 
413, 535, 562 
(shoulder) 
416, 536, 564 
Ngb 424, 529, 558 
413, 534, 560 
(shoulder) 
416, 538, 563 
 
 
Figure 3 A. Absorption spectra of ferrous, ligand free ChMb (blue solid line), Ngb (black solid 
line), and Mb (black dashed line). The red solid line reports the best fit to the spectrum of ChMb 
obtained as a linear combination of the Ngb spectrum (taken as a reference for the bis-histidyl 
6c state) and the Mb spectrum (taken as a reference for the 5c state). Best fit to ChMb spectrum 
is obtained with a mixture of 5c and 6c states in an approximate ratio of 75% to 25%, 















binding to ferrous ChMb as a function of CO concentration in stopped flow experiments. The 
time courses are measured at different CO concentrations ranging from 50 to 500 μM (after 
mixing). Continuous line corresponds to the fit to Equation 1. 
 
Stopped flow measurements of ChMb and ChNgb CO association rates. To get further insight 
into the 6c⇆5c equilibrium, CO binding kinetics were measured as a function of CO 
concentration using a stopped flow technique [19]. Kinetic traces for CO binding to Mb and 
ChMb were measured through the absorption changes at the CO adduct peak position (λ=419 
nm; see Figure S6). While CO binding to Mb could be properly described by a single 
exponential decay, CO binding to ChMb occurs through a biexponential relaxation (Figure S7). 
Thus, two observed rate constants are retrieved (kobs,1 and kobs,2) at each CO concentration. These 
rates are plotted as a function of CO concentration in Figure 3B and reach limiting values at 
high ligand concentrations. On the basis of the absorption spectra (Figure 3A), which suggest 
that a mixture of 5c and bis-histidyl 6c species is present at equilibrium for the unliganded 
protein, we assign the two processes at high CO concentrations to binding to bis-histidyl 6c-like 
conformations, which are limited by HisE7 dissociation rates, koff,1 = 36 s
-1




























Table 2. Ligand binding kinetic parameters. Kinetic microscopic constants for wt and chimeric 
proteins obtained from the fitting of laser flash photolysis (FP) and stopped flow (SF) traces at 
different CO concentrations. 
Protein 










  FP FP FP SF 
Ngb 105.0 15.0 410  5 0.42  0.02 0.37 0.1 
ChNgb  
26.0  3.0 190  5 1.1  0.2 0.71  0.02 
95.0  15.0 520  10 13  3 6.6  0.4 
Mb 0.7  0.1 - - - 
ChMb 
2.6  0.6 - - 580 70 
14.0  3.0 - - 35.9  0.8 
 
The CO association to Ngb occurs with a kinetics well described by a single exponential decay, 
whose rate constant (koff = 0.4 s
-1
), at high CO concentration, is interpreted as the His 
dissociation rate [19]. Unlike the wt protein, ChNgb binds CO with a biphasic kinetics whose 
apparent rates at high CO concentration reach limiting values of 0.7 and 6.6 s
-1
 (Table 2), and 
are interpreted as arising from His dissociation rates for two distinct conformations. Thus, 
stopped flow kinetics show that both chimeric proteins display partial bis-histidyl 6c character 
and . 
 
CO rebinding kinetics to ChMb and ChNgb after laser flash photolysis. The competitive 
binding to the heme of the endogenous (HisE7) and exogenous (CO) ligands was investigated 
by nanosecond laser flash photolysis. Figure 4 compares CO rebinding kinetics to Mb, ChMb, 















Rebinding to Mb occurs with a well known biphasic kinetics with a non exponential geminate 
recombination (ca. 5% of rebinding) extending to the short microseconds, followed by a slower 
bimolecular phase. Even though the overall shape of CO rebinding to ChMb is similar to that 
observed for Mb, significant differences are found. The amplitude of geminate rebinding to 
ChMb increases to nearly 10% (inset to Figure 4) and the bimolecular rebinding appears faster 
than for Mb, although somewhat broader, a fact which suggests the presence of concurrent 
reactions occurring with different rates. Both geminate amplitude and bimolecular rebinding 
rate are intermediate between the corresponding figures for Mb and Ngb.  
For Ngb the rebinding kinetics is characterized by three distinct phases: a geminate 
recombination of significantly larger amplitude than that observed for Mb (nearly 15% at 30 °C; 
Figure 4), a rather fast bimolecular recombination to the 5c species, and a much slower 
rebinding to the bis-histidyl hexacoordinated species, with a rate limited by distal His 
dissociation. [11, 20] The progress curve for CO rebinding to ChNgb follows a similar general 
trend as the wt protein, but with remarkable differences. Thus, the bimolecular reaction between 
CO and the 5c species is slower and much broader than for Ngb, leading to the formation of bis-
histidyl hexacoordinated species to a higher extent. On the other hand, the His dissociation is a 
faster and broader process, suggesting a lower stability for the bis-histidyl hexacoordinated 


















































Figure 4. Comparison between the CO rebinding kinetic to chimeric (dashed lines) and wt 
(solid lines) proteins: Mb (red traces) and Ngb (blue traces), at T = 30°C and 0.1 atm of CO. 
Inset. Expanded view of the first 1 µs of geminate recombination showing the slight increase 
from Mb (solid) to ChMb (dashed). 
 
The above findings for the chimeric proteins provide an intuitive demonstration that the 
tendency towards hexacoordination by the distal His is modulated by the CD region. To turn 
this qualitative observation into a quantitative estimate of rate constants for the microscopic 
processes, we have analyzed the CO rebinding kinetics with the previously proposed kinetic 
schemes [22, 27, 28] or suitably modified in order to account for the observed kinetic 
heterogeneity, paying attention to the differences in bimolecular rebinding, distal His binding 
and dissociation kinetics (additional information on geminate recombination can be found in the 
Supporting Information). 
Analysis of CO rebinding kinetics to Mb requires the use of a kinetic model detailed in Scheme 
2, where the non-exponential geminate recombination is attributed to migration to an internal 















CO rebinding to Mb (see Table S2 and Figure S8), it fails to reproduce the progress curve for 
ChMb, mostly due to a broader bimolecular phase (Figure S9). Inclusion of the competitive 
binding reaction of the distal His in the kinetic model improves the agreement with the 




) is not 
fully consistent with the same parameter determined from stopped flow assays (580 s
-1
; see 
Table 2). On the other hand, the bimolecular rebinding phase is well described if we assume the 
existence of two different conformations with distinct values of k2 and k-2 (Figure 5A; see also 
Table S3). The total concentration of unliganded species is calculated as the weighted linear 
combination of the two conformations, where the weights (30% and 70%, respectively) 




Scheme 2. Minimal reaction scheme for the observed CO rebinding kinetics to Mb and ChMb. 
After photolysis CO is in the primary docking site DS from which it can access an internal 
cavity T or exit to the solvent (Mb). While for Mb a single set of rates k2 and k-2 is used to 
describe the bimolecular rebinding, for ChMb two conformations are assumed to exist in 














































































Figure 5 A. Representative analysis of the CO rebinding kinetics to ChMb, equilibrated with 
0.1atm CO (black circles) at 20°C, with the model described in Scheme 2. The fitted curve 
(orange solid line) is superimposed to the experimental data and is calculated as the weighted 
average of the overall time course for rebinding to the two conformers. Curves representing 
rebinding to the two conformers are distinguished by the line style, dashed or solid. In the figure 
are also reported the time courses of reaction intermediates in Scheme 2: green, DS; cyan, T; 
blue, Mb5c. B. Analysis of the CO rebinding kinetics to ChNgb equilibrated with 0.1 atm CO 
(black circles) at 30°C. The fit (orange solid line) is superimposed to the experimental data. In 
the figure is also reported the time course of other relevant intermediates: blue, NGb5c; red, 
Ngb6c; green, DS; black, T1, cyan, T2; olive, T3; magenta, T4. The two dynamic species 
described in the text and identified by the different rates in Scheme 3 are distinguished by the 
















The analysis of CO rebinding to ChMb exposes the presence of two conformers, one of which 
shows a nearly thirty-fold increase in the rebinding rate k-2 in comparison to Mb, a fact that is 
taken as an indication that the entry pathway has properties similar to those of Ngb. 
Interestingly, recent theoretical work has shown that for Ngb a relevant escape pathway is 
located in proximity of the CD region [22] and thus the observed change in k-2 may reflect the 
modulation introduced by replacing the Mb CD region for the Ngb one. From the microscopic 






 , a value perfectly in line 
with the literature [14-16]. The value of kon,CO shows a remarkable increase for ChMb, for which 













While still smaller than the corresponding parameter for Ngb, the observed increase 
demonstrates that the modifications introduced in ChMb push the binding properties towards 
those of Ngb. 
 
CO rebinding to Ngb occurs through a complex reaction pattern, determined by the presence of 
an articulate system of tunnels and cavities connecting the binding site with the solvent. 
Experiments under a variety of physicochemical conditions have led to the elaboration of a 
rather complex reaction scheme. [20-22, 28] While Scheme 3 reports the full reaction scheme, 
we concentrate on the main features of the reactions that are relevant to the identification of the 
effects of swapping the CD region. In particular, the most remarkable effects are expected on 
the rate constants for the equilibria DS 

  NGb5c + CO and NGb5c 



















Scheme 3. Minimal reaction scheme for the CO rebinding to Ngb and ChNgb. After photolysis, 
CO is in the primary docking site DP from which it can access a series of internal cavities T1-
T4, or exit directly to the solvent. The long-lived reaction intermediates T4 and T46c offer 
alternative exit pathways. Given its very long lifetime, cavity T4 is allowed to relax to a T46c 
configuration, from which exit of CO to the solvent leads to formation of the Ngb6c species. For 
ChNgb two conformations exist, leading to the observed heterogeneity in CO binding. Their 
population is not dependent on ligation. In the model, the two species are characterized by 
different values of k2, k-2, kon,His, and koff,His.  
 
 
The model can well describe the rebinding kinetics to Ngb (see Figure S9). Microscopic rates 
retrieved from the fitting are reported in Table S4 along with the activation parameters. Using 
the calculated microscopic rate constants, the equilibrium His binding constant is given by 
KH=kon,His/koff,His= 10
3
 at 20 °C, in general agreement with previous determinations [9, 30]  
In the case of ChNgb CO rebinding to the pentacoordinated protein and to the bis-histidyl 
hexacoordinated species are biphasic processes, similarly to what was found for ChMb. Thus, 
the use of a reaction scheme as for Ngb results in unsatisfactory fits in the time range 
corresponding to bimolecular CO rebinding and His binding and dissociation (Figure S12). We 
thus assumed that two conformations exist in equilibrium and differ in rate constants k2, k-2, 
kon,His and koff,His as detailed in Scheme 3. The total concentration of unliganded species is 















estimated from the amplitude of the decays of the bis-histidyl hexacoordinated species (Table 
S5). Figure 5B shows the result of the fitting of a representative rebinding kinetics, 
demonstrating the good agreement between the model and the measured kinetics. 
The bimolecular rebinding observed for ChNgb is biphasic and slower in comparison to that for 
Ngb. The process is mostly ruled by the return rates k-2 and k’-2 (Table S6), both of which are 
still higher than the corresponding rate for Mb but not as different from those observed for 
ChMb. As for ChMb, it is important to evaluate the effect of the CD region on kon,CO. While for 



















. These values are lower than the rate 
constant determined for Ngb, as expected for the modification performed on the protein, and 
demonstrate that the binding properties of ChNgb are tuned towards those of Mb. 
Finally, the equilibrium constants for the binding of the distal histidine in the two conformations 
are KH= kon,His/koff,His =40 and KH’= k’on,His/k’off,His =170. Both equilibrium constants are lower 
than the value measured for the wt protein (KHis 1000), demonstrating the decrease in affinity 
of the HisE7 for the heme Fe in the chimeric protein. 
 
Discussion 
In spite of their functional relevance, the identification of the regulatory mechanisms implicated 
in the equilibrium between bis-histdyl hexacoordinated and pentacoordinated globins is still a 
challenging question. [9, 13, 26, 31]. An interesting class of proteins showing bis-histidyl 
hexacoordination is formed by the non symbiotic plant hemoglobins (nsHbs), where incomplete 
hexacoordination is know to occur for class 1 nsHbs, whereas tighter binding is observed for 
class 2 nsHbs, resulting in full hexacoordination. [10] The structural rearrangements originated 
from the transition between 5c and 6c states have been identified in the case of class 1 plant 
nsHbs. Briefly, distal His dissociation from the heme iron is accompanied by rotation and 
















contacts in the EF turn [32]. Most of the structural changes between the 5c and bis-histidyl 6c 
species are associated with the E helix and its termini, and a structured D helix and stabilization 
of the EF turn were proposed as factors to support the 5c E-helix position. [31] This structure 
was found to be consistent with that shown by leg-hemoglobins, which are incapable of 
stabilizing the 6c configuration [33]  
In contrast to the class 1 nsHbs, the experimental X-ray evidence available for Ngb indicate that 
the structural transition triggered upon ligand binding is quite small, being mainly limited to 
sliding away of the heme from the distal His to produce a binding site, with little rearrangement 
of the remainder of the structure. [34]  This likely reflects the influence of the crystal packing in 
limiting the amplitude of the structural rearrangement, as we have shown in previous studies 
that the transition between 5c and 6c states leads to a marked tilting of the E helix and relocation 
of the D helix, in conjunction with structural rearrangements in C and D helices and the 
connecting loops. [13, 26] The largest fluctuations are found in the interhelical loops, 
particularly the CD region. [13] The ED analysis supported the fundamental role of the CD 
region in controlling the 6c⇆5c equilibrium, showing that the transition involves the motion of 



















the CO rebinding kinetics afforded equilibrium binding constants KH= 40 and 
KH’= 170, much lower than the corresponding value for the wt protein (1000). 
Taken together, the above evidences suggest that swapping the CD region affects the reactivity 
of the proteins by tuning the tendency for hexacoordination, but also clearly demonstrate that 
simply swapping the CD regions is not enough to completely turn Mb into Ngb and vice versa. 
The CD region emerges as an important but not exclusive modulator of heme coordination. 
Other regions as the EF region may have an important role, which may depend on the actual 
globin analyzed. On the other hand, non-local effects of the swapped residues, beside those on 
coordination, highlight that we are dealing with a highly interconnected and dynamic entity and 























Protein cloning expression and purification. The pGX2T plasmid DNA containing the sequence 
of wild-type and chimera globins were transformed into E. coli strain BL21 (DE3) cells. The 
culture were grown at 37°C in TB medium (2.4% yeast extract, 1.2% bactotryptone, 0.4% 
glycerol, 72 mmol/L potassium phosphate buffer, pH 7.5) containing 100 μg/mL ampicillin and 
8 μg/L hemin . The expression was induced as the optical density reached 0.8 at 600 nm by the 
addition of IPTG to a final concentration of 0.1 mM, and expression was continued overnight at 
28°C in an orbital shaker. The cells were harvested at 4°C by centrifuging at 4000 g for 30min 
and washed with cold PBS and resuspended in lysis buffer (PBS buffer, 1% Tween 20, 1mM 
DTT ) with protease inhibitors (0.2 mM PMSF, 0.4 μM Benzamidine, 3 μM Pepstatin A, 1.5 
mM EDTA). Collected cells were then exposed to a freeze-thaw step and were sonicated until 
completely lysed. Lysate and cell debris were separated by centrifuging at 10.000 g for 45 min 















globin sample was bounded to the GSTtrap column prequilibrated with binding buffer (PBS 
buffer, 0.1% Tween 20, 1mM DTT). Column was washed with the binding buffer until no 
unbound material is detected in the effluent. Protein of interest was eluted with elution buffer 
(50 mM Tris-HCl, pH 8.0 , 10 mM reduced glutathione, 0.1% Tween 20, 1 mM DTT) followed 
at 280nm. The eluted goblin solution was concentrated using Amicon centrifugal filters and 
stored in 0.1 M Phosphate buffer pH7, 1.5 mM EDTA, 1 mM DTT. A sample was taken for 
analyses on SDS-PAGE.  
UV-Vis absorbance spectra. Electronic absorption spectra of purified proteins in 100 mM 
Phosphate buffer (pH 7) were recorded with a UV/ visible spectrophotometer (Jasco, V-650) at 
20°C.  
Kinetic stopped flow measurements of CO binding. Rapid mixing experiments were conducted 
with a thermostated stopped flow apparatus (Applied Photophysics, Salisbury, UK). Kinetics of 
CO binding to determine the koff of distal His were measured on the deoxy state of chimeric and 
wild type globins. Solutions containing 10 μM protein in a 100 mM sodium phosphate, 1 mM 
DTT at pH 7.0 were degassed in a helium atmosphere and reduced with an equimolar 
concentration of sodium dithionite. Each experiment was done using the same batch of protein 
and involved between 5 and 8 measurements per carbon monoxide concentration. 
In order to obtain the individual kinetic constants we fit the kobs as a function of CO 











      (1) 
where koff,His corresponds to the limiting value of kobs at high CO concentrations . The value of 
kon,CO was taken from flash photolysis experiments. 
Flash photolysis measurements of CO rebinding. Globins were diluted in 100 mM phosphate 
pH 7.0 to a final concentration of 40 μM and incubated overnight with 10 mM DTT. The 
















concentration of 10 mM and finally equilibrated at either 1 atm or 0.1 atm CO in a gas-tight 
cuvette. The laser-flash-photolysis setup has been described elsewhere. [22, 27] Photolysis was 
achieved with the second harmonic of a Q- switched nanosecond Nd:YAG laser (Spectron 
Laser). Absorbance changes were monitored using the monochromatic cw output of a 150 W Xe 
arc lamp coupled to a 0.25-m monochromator (AMKO gmbh). The transient absorbance traces 
were measured through a second 0.125-m monochromator (77250, LOT-Oriel) with a 5-stages 
photomultiplier (Applied Photophysics). The voltage signal was digitized by a digital 
oscilloscope (LeCroy Waverunner 104-Xi, 5 GS/s; 1 GHz). A custom dichroic filter (Omega 
optical) was positioned between the exit slit of the monochromator and the photomultiplier to 
remove residual stray light from the pump laser. A fast shutter (Vincent Associates, Uniblitz 
VS35 controlled by the driver VMM-T1) was positioned between the output of the first 
monochromator and the sample holder. The synchronisation of the laser and the shutter was 
controlled by a digital delay generator (Berkeley Nucleonics). The sample holder was accurately 
temperature controlled with a Peltier element, allowing temperature stability of at least 0.1°C. 
Derivation of kinetic rate constants from flash photolysis kinetics. The minimal model necessary 
to account for the observed kinetics is sketched in Schemes 2 and 3. The differential equations 
associated with reaction Schemes were solved numerically, and the rate constants were 
optimized to obtain a best fit to the experimental data. Numerical solutions to the set of coupled 
differential equations were determined by using the function ODE15s within Matlab 7.0 (The 
MathWorks, Inc.). Fitting of the numerical solution to experimental data (and optimization of 
microscopic rate constants) was obtained with a Matlab version of the optimization package 
Minuit (CERN). In order to improve the retrieval of microscopic rate constants, data at the same 
temperature and different CO concentrations were simultaneously fitted, thus generating a set of 
rate constants at each temperature. This global analysis was repeated at several different 
















Setup of simulated systems. Starting structures of wt 6c Ngb were built combining the murine 
and human X-ray structures (PDB entries 1Q1F [34] and 1OJ6 [18] respectively) as described 
previously. [13, 26] ChMb displays Mb sequence except for residues 41 to 59 that are replaced 
by Ngb residues 39 to 58. ChNgb displays Ngb sequence except for residues 39 to 58 that are 
replaced by Mb residues 41 to 59. The criteria to switch CD protein segments was to maximize 
the flexible region to be exchanged while preserving flanking residues identical in both proteins. 
The 5c structure of Ngb was obtained from the 6c one by slowly dissociating the distal histidine 
from the heme and then releasing the Fe-HisE7 bond constraint. In all these structures cysteines 
CD7 and D5 are in the reduced state (i.e., without the S-S bond). The initial 5c structure of Mb 
was taken from the X-ray structure of sperm whale Mb (PDB code 1VXD [38]). The 6c 
structure was obtained by slowly approaching Nε2(HisE7) to the Fe, and afterwards adding the 
Fe-HisE7 bond to the force field.  
Classical molecular dynamics: Simulation parameters. MD simulations were performed using 
the Amber99SB force field [39] for all residues but the heme, whose parameters were developed 
and thoroughly tested by our group in previous works.[4] Standard protonation state at 
physiological pH was assigned to ionizable residues (Asp, Glu, Lys and Arg) while special 
attention was paid to the protonation of histidines, which were assigned on the basis of the 
hydrogen-bond pattern with neighboring residues. For distal (HisE7) and proximal (HisF8) 
histidines, protonation was chosen to be in the Nδ position, since this is the protonation state 
that allows coordination to the heme iron. Starting structures were finally immersed in an 
octahedral box of TIP3P waters. [40] All simulations were performed with the PMEMD module 
of the AMBER11 package,[41] using the default simulations parameters, consisting in periodic 
boundary conditions and Ewald sums to treat long range electrostatic interactions [40], the 
SHAKE algorithm to keep bonds involving hydrogen atoms at their equilibrium length [40], a 2 
fs time step for the integration of Newton's equations, and the Berendsen thermostat and 
















consisted of an energy minimization of the initial structures, followed by a slow, 500ps long 
heating up to 300 K (in the NVT ensemble), and a final 500ps long density equilibration 
procedure (in the NPT ensemble). MD runs consisted of 100ns long trajectories (with the 
exception of ChMb-6c, which was run for 130ns. The first 30 ns were not considered in the 
analysis, except for ChMb-6c for which we discarded the first 50 ns. Frames were collected at 2 
ps intervals, which were subsequently used to analyze the production trajectories. This 
simulation protocol and parameters are the same as those successfully used in our previous 
work for the study of Mb and Ngb. [26] 
Essential dynamic analysis. To examine the dynamical properties of proteins and their influence 
on the 6c⇆5c transition, essential dynamics (ED) analysis was used. [43] ED involves 
diagonalization of the covariance matrices of atomic positions along the trajectory, yielding the 
eigenvectors that define the essential motions of the protein. This analysis was performed only 
for the backbone atoms. Terminal residues were excluded in order to avoid masking of the 
essential motions of the protein core by the high flexibility of terminal regions. ED analysis of 
combined trajectories was also performed to gain insight into the 6c⇆5c structural transition. 
Finally, projection of the MD trajectories onto selected essential motions was performed to 
analyze the configurational space explored along the MD run. This type of analysis has been 
valuable to explore the structural and dynamical relationships in similar cases. [13, 26, 44]   
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: A case study of neuroglobin and myoglobin
 
 Chimeric Neuroglobin and Myoglobin were generated by swapping a 
regulatory segment 
 Heme coordination properties were displaced according to its introduced CD 
region 
 A partially hexacoordinated Myoglobin was obtained. 
 The regulatory role of the CD region for bis-histidyl hexacoordination was 
confirmed. 
